ABSTRACT Channel reciprocity is one of the primary superiorities of time-division duplexing-based massive multiple-input multiple-output systems. However, the reciprocity of uplink and downlink cannot be realized due to inevitable radio-frequency (RF) impairments in practice. In this paper, in the presence of carrier frequency offset (CFO), quasi-static RF mismatch and channel estimation error, we derive the closed-form expressions of achievable rate for matched filter (MF) and zero-forcing (ZF) precoders. Herein, we concentrate on two oscillator setups, where all base station antennas share the same oscillator, namely, the common oscillator setup, or employ independent oscillator, namely, the distributed oscillator (DO) setup. Performance comparisons between two precoders and two setups are studied, respectively, and the asymptotic behaviors are further investigated both with and without CFO compensation. It is indicated that, the DO setup is preferable in the cases without CFO compensation, and vice versa. As for the precoding schemes, we show that with high SNR and low level of reciprocity errors, ZF precoder is asymptotically more desirable in the cases of DO setup without CFO compensation, or of both setups with CFO compensation, whereas MF precoder is competitive in the opposite cases with slightly worse performance. Numerical results demonstrate the correctness of our analytical expressions.
I. INTRODUCTION
Massive multiple-input multiple-output (MIMO) system enables highly spatial diversity gain, which is recognized as one of the primary technologies of the next generation communication system [1] - [3] . In the hypothesis of perfect channel reciprocity, it has been indicated that a system with linear precoding schemes can achieve a performance that near to the optimal non-linear counterpart [4] . Utilizing the channel reciprocity of uplink (UL) and downlink (DL) in time-division duplex (TDD) mode, the base station (BS) can directly obtain channel state information (CSI) from UL pilot without CSI feedback, leading to a advantage that the number of pilot overhead can be independent of the number of BS antennas [5] .
However, real world tells us a contrary principle, which mistakes the different radio-frequency (RF) hardware employed in transceiver for reciprocal blocks. The hardware mismatches introduce unknown amplitude scaling and phase shift applied to the effective channel [6] , [7] . When the reciprocity hypothesis is corrupted, the system performance may be substantially reduced [8] .
According to the time-varying characteristic, RF mismatches can be divided into two categories. On one hand, the mismatch between transceiver oscillators introduces carrier frequency offset (CFO), yielding the phase rotation which accumulates over the transmit symbols. Although some state-of-art frequency synchronization techniques have been studied in [9] and [10] ,, the computational complexity increases with the increasing number of BS antennas. On the other hand, since the aggregate response mismatch varies slowly compared to wireless channel, it can be treated as constant coefficient over many coherence intervals in a synchronous system [7] , namely ''quasi-static RF mismatches'' in our work. [11] , [12] and references therein have proposed some calibration procedures to reconstruct reciprocal effective UL/DL channel. However, it has been corroborated that the residual deviation still causes performance degradation.
In view of the fact that both CFO and quasi-static RF mismatch break channel reciprocity, there has been attracted great interests in investigating the system performance with RF mismatches. To the best of our knowledge, all the prior works study the effect of CFO and quasi-static RF mismatches separately. In specific, under the assumption of perfect CSI knowledge at BS, Cheng et al. derived the UL achievable rates in the presence of frequency synchronization errors in [13] , where both the collocated and distributed models with maximum ratio combining (MRC) receiver are studied. Exploiting the CFO estimation proposed in [14] , Mukherjee et al. [15] compared the UL achievable rates of zero-forcing (ZF) and MRC receivers for the traditional single oscillator layout. However, the impact of CFO on massive MIMO DL is still open. As for the aggregate impact of hardware impairments, it is firstly modeled as additive random coefficient and studied in [16] . For more accuracy, it was modeled as the multiplicative stochastic variable instead in [17] . Therefrom, Zhang et al. [18] analyzed the DL achievable rates with linear precoders, showing that ZF precoder is more sensitive to quasi-static RF mismatches than matched filter (MF) precoder. More recently, some non-ideal factors have also been investigated jointly, such as channel estimation error [19] , mutual coupling mismatch [20] , antenna correlation [21] , etc. Conclusions drawn from previous researches can be used to guide the practical system or calibration algorithm design.
In this paper, we focus on the achievable rate of frequencyflat massive MIMO DL by incorporating reciprocity errors, which are induced by CFO, quasi-static RF mismatches and channel estimation error. We restrict attention to two oscillator setups introduced in [13] and [22] (see in Fig. 1 ). For the first setup, all BS antennas share the same oscillator, namely common oscillator (CO) setup. In another configuration, each BS antenna employs a separate oscillator, namely distributed oscillator (DO) setup. The main contributions of this work are summarized as follows:
• For both the CO and the DO setups with CFO, quasistatic RF mismatches and channel estimation error, we initially derive the closed-form expressions of DL achievable rate for the MF and the ZF precoders under the assumption of statistical CSI at user equipments (UEs).
• Based on the derived expressions, when the CFO compensation is not considered, we analyze the relative effective SINR for two setups. Accordingly, we indicate that the DO setup outperforms the CO setup. The scaling behavior and asymptotic comparison are further investigated in large number of transmit antennas regime.
• Incorporating CFO estimation and compensation, we compare the asymptotic SINR performance between two setups and two precoders respectively. Some insights on the selection of appropriate precoder and oscillator setup are given in detail.
The rest of this paper is organized as follows. In Section II, we describe the system model and achievable rate performance. The closed-form expressions of effective SINR and non-asymptotic comparison without CFO compensation are given in Section III. In Section IV, asymptotic comparisons are pursued in the cases both with and without CFO compensation. At last, simulation results and conclusions are presented in Section V and Section VI, respectively.
Notation • A1: Assuming that UL training phase occupies the first K channel uses in any coherence interval, and takes place at the 0-th channel use. Although any orthogonal pilot codebook could be selected, we assume that the pilots are orthogonal in time, i.e., the k-th UE only transmits in the (k − 1)-th channel use. This scheme is often used in the case of time-varying UL effective channel [15] , [22] .
• A2: In DL, UEs decode the received signals by utilizing statistical channel properties. To this end, we simply omit UL transmission and DL pilot training phases.
• A3: Since [12] , [21] have indicated that the quasistatic RF mismatches at single-antenna UE side lead to slight performance loss, similar to [19] , we focus on the transmit and receive mismatches at BS side.
In addition, as a basic assumption for investigation used in [12] , [18] , [19] , and [21] , we also assume that the deviations of quasi-static RF mismatches are independent and identically distributed (i.i.d.).
• A4: The CFO is assumed to be independent of quasistatic RF mismatch and follows uniformly distribution [9] , [10] . After the compensation procedure, the residual CFO is regarded as a random variable with Gaussian distribution [13] , [15] .
A. UPLINK TRAINING PHASE
Incorporating the impacts of CFO, receive RF gains and channel estimation error, we express UL channel estimation G UL ∈ C M ×K in the first K channel uses as
where H T denotes the UL reciprocal channel matrix with 
is the estimation error variance parameter that reflect the accuracy of estimation [19] , [23] , i.e., τ = 0 corresponds to perfect estimation, whereas τ = 1 means the CSI is completely uncorrelated to the real channel.
Remark 1:
Since the values of quasi-static RF mismatches could be stable over many channel coherence intervals, the widely-used minimum-mean-square-error (MMSE) estimator will lead to obstacle to obtain insights. However, the derivations in the paper could be extended directly to practical channel estimators.
B. DOWNLINK DATA TRANSMISSION PHASE
For DL data transmission phase, at the i-th
where
is the transmit RF quasi-static RF gain matrix at BS. Building on (1) and (2), we establish received signal at the i-th channel use as
T denote the received DL data vector, user data vector and additive white Gaussian noise (AWGN) vector at the i-th channel use, respectively. Data stream of the k-th UE has power constraint E[|x k (i)| 2 ] = P k . In the work, we consider the average power allocation, which is commonly assumed in many literatures for the sake of obtaining insightful results [12] , [13] , [15] , [18] - [21] , i.e., P 1 = · · · = P K = P. The elements of n (i) are i.i.d, and n k (i) ∼ CN 0, σ 2 n , k = 1, . . . , K . Herein, we mainly focus on the MF and the ZF precoders, where the precoding matrix W ∈ C M ×K are given as
respectively, where β M and β Z are the normalization scalars with matrix normalizations method [24] . Exploiting the random matrix theory technique in [25] , β M and β Z read [19] 
respectively, where
The deviations induced by CFO, quasi-static RF mismatches and channel estimation error constitute the channel reciprocity error clause. When T = R = I and ω m,k = τ = 0, perfect reciprocity is achieved.
C. ACHIEVABLE RATE BEHAVIOR
Recall A2, UEs have been presumed to decode the received signals by exploiting statistical channel properties. Based on (3), received DL signal of the k-th UE at the i-th channel use can be decomposed as
where on the first line, S k (i) and MUI k (i) account for the effective channel gain term and multiuser interference term at the k-th UE and the i-th channel use, respectively. On the second line, ES k (i) denotes the useful signal term, SIF k (i) denotes the self-interference term, representing the uncer-
as the effective noise, using the methods provided in [13] , [15] , and [20] , it is not difficult to corroborate that
and n k (i) are uncorrelated with each other. Then, the received signal y k (i) can be treated as a single-input-single-output (SISO) channel with uncorrelated additive noise. To this end, effective SINR for the k-th UE at the i-th channel use can be represented as
Since the worst-case uncorrelated additive noise is Gaussian noise, the following set of rate is achievable
and the average per user achievable rate for N c channel uses in one coherence interval can be defined as
III. EFFECTIVE SINR AND NON-ASYMPTOTIC COMPARISON
In this section, in the presence of CFO, quasi-static RF mismatches and channel estimation error, we derive the closedform expressions of effective SINR with MF and ZF precoders for both setups, respectively. The performance gap between two setups is also investigated in detail.
A. MF PRECODER Proposition 1: Under average power allocation and A1-A4, for MF-precoding massive MU-MIMO DL with CFO, quasistatic RF mismatch and channel estimation error, useful signal power term and multiuser interference power term of the k-th UE at the i-th channel use for both setups in Rayleigh flat fading are given as
The self-interference power terms for the CO and the DO setups are given as
. Then, the effective SINR for the CO and the DO setups can be established as
respectively, where γ σ 2 n /P. Proof: See Appendix B. Note that in the perfect channel estimation case, i.e., τ = 0, when the CFO is absent, i.e., ω m,k = 0, (15) and (16) reduce to the expressions given in [18] that only quasi-static RF mismatches exist. In addition, when the quasi-static RF mismatch parameters, namely t m and r m , are set to 1, (15) and (16) can be simplified into the expressions given in [13] only with CFO.
Comparing (16) with (15), the only difference is that M disappears in the denominator. Recall that for the CO setup, from the perspective of each UE, only single CFO can be observed. According to this, although any impact of slow fading can been essentially removed, the effective channels cannot be deterministic. Since the value of Var [SIF k (i)] represents the uncertainty of effective channel gain S k (i), it increases with increasing M and then dominates the total effective noise. In contrast, for the DO setup, each user observes independent value of CFO from each transmit antenna at BS. In this regard, for large M scenario, channel hardening comes into play, which facilitates convergence of all the impacts of hardware impairments due to the law of large numbers (LLN). Then, the multiuser interference power term Var [MUI k (i)] and the AWGN power term dominate the effective noise power in high-SNR regime and low-SNR regime, respectively. Note that the analysis above is also suitable for the Proposition 2 with ZF precoder in the next subsection.
In the following, we pursue a non-asymptotic comparison between two setups. The random variables of CFO for two setups can satisfy identical distribution without CFO compensation. Building on (15) and (16), we have
where den[SINR 
whereas the self-interference power term and multiuser interference power term for the two setups are given as
respectively. Then, the effective SINR for the CO and the DO setups can be established as (23) and (24), respectively, shown at the top of next page.
Proof: This result can be obtained by utilizing a calculation process similar to that with MF precoder in Proposition 1 and techniques of approximation in [19] . Consequently, we omit the detail here. (21) and (22), the multi-user interference power cannot be eliminated, since every impairment in reciprocity error clause destroy the orthogonality of precoding, resulting in additional effective noise.
Similar to (17) , based on (23) and (24), we have
Hence, the DO setup prevails, and the performance gap between two setups increases with increasing M and SNR.
Remark 4:
The closed-form expressions given in Proposition 1 and 2 can be directly extended to various large-scale fading scenarios by incorporating the path loss or shadowing to the transmit SNR. The technique details could be found in [21] for the sing-cell scenario, in [26] for the multi-cell scenario and in [27] for the cell-free scenario.
IV. SCALING BEHAVIOR ANALYSIS AND ASYMPTOTIC COMPARISON
Considering the cases both without and with CFO compensation, we study the scaling behavior in this section when M goes to infinity. Some results are also indicated through asymptotic comparison. (23) and (24) , asymptotic expressions of effective SINR of the k-th UE at the i-th channel use can be simplified as
A. WITHOUT CFO COMPENSATION
Several conclusions could be drawn from above:
1) CO SETUP
First, we focus on the expression in (26) , where the performance floors for the CO setup are determined only by the distribution of CFO. As we have analyzed before, the selfinterference power term dominates the effective noise power in large scale antenna scenario. Moreover, from the expressions in (11), (13) , (18) 
raises Var[SIF C k (i)] by 1 − asymptotically. With increasing M , the impacts of quasi-static RF mismatches and channel estimation error asymptotically tend to vanish, implying that CFO estimation and compensation are highly significant.
2) DO SETUP
On the contrary, thanks to the channel harden effect, the increase of dominant power term of effective noise (multiuser interference power term in high SNR or AWGN power term in low SNR) is unrelated to M . When the reciprocity error becomes severer, the coefficients multiplied by M /K in (27) and (28) will tend to 0, resulting in trivial performance upgrade with increasing M .
3) COMPARISON
Another finding could be drawn from relative effective SINR performance. Building on (26), (27) and (28), we have
As stated above, for the CO setup, the effective SINRs achieve identical floor for two precoders. Note that this result is more general than that provided in [19] , where the reciprocity error is considered with perfect frequency synchronization. However, for the DO setup, the performance gap between ZF and MF is entirely determined by the level of reciprocity errors. More specifically, when the level of reciprocity error increases, the right hand term of plus in (30) tends to vanish. Since the complexity of MF is much smaller than ZF precoders [28] , respectively, MF precodor becomes competitive with slightly worse performance than ZF precoder. In contrast, when the reciprocity error level is low, ZF precoder will show its advantages of suppressing interference, and then approach much higher spectral efficiency than MF precoder.
B. WITH CFO COMPENSATION
In terms of CFO estimation in massive MIMO scenario, the results presented in [13] has shown that, the accuracy of estimation for the CO setup increases with increasing M , and the Cramér-Rao bound (CRB) is approximately M times smaller than that for the DO setup. Since the parameters of residual CFO have been presumed to follow Gauss distribution, for analytical convenience, we make the same assumption to [13] (15), (16), (23) and (24), asymptotic expressions of effective SINR at the k-th UE and the i-th channel use can be expressed as
For the CO setup, as C tends to 1 in large M scenario, some results could be summarized compared with the unaware of CFO case. Firstly, in contrast to (26), we can find that the statistics of all impairments in reciprocity error clause exist in (31) and (32). In addition, the following relations can be deduced
In contrast to the case without CFO compensation shown in (29) and (30), the CO setup asymptotically outperforms the DO setup for both precoders. Next, for each setup, comparison between two precoders is considered. Similarly, the relative effective SINR can be obtained as
We can find from (37) and (38) that, in the case with CFO compensation and M → ∞, the ZF precoder asymptotically outperforms the MF precoder for both setups. Moreover, with decreasing level of reciprocity errors, the SINRs for ZF precoder increase, resulting in growing performance gaps for both setups, whereas in the presence of severe reciprocity error, MF becomes competitive with a trivial performance gap.
V. NUMERICAL RESULTS
In this section, we verify our analysis by simulations and numerical evaluations. Unless explicitly stated otherwise, we assume the number of UEs K = 20, and the average transmit power P is supposed to be 10 dB. The channel coherence time is taken as 1 ms, and the communication bandwidth is B c = 200 KHz, which corresponds to a coherence interval of N c = 200 symbols. The first K continuous channel uses are exploited for UL channel estimation, whereas those that remain are utilized for DL transmission. For the CFO parameter, we consider a common implementation with carrier frequency f c = 2 GHz and oscillator accuracy of a = 0.1 parts per million [29] , then φ ω = 2π af c /B c = 2π × 10 −3 radian. We also set a severer CFO φ ω = π × 10 −2 radian for comparison. In the cases with CFO compensation, we choose σ 2 ω = {10 −3 , 10 −5 } as the variance of Gauss distributed CFO for the DO setup, and that of M times smaller for the CO setup [13] . As for the quasi-static RF mismatches, although our analysis can be applied to any distribution, without loss of generality, we model the amplitude and phase deviations as i.i.d. log-normal distribution and uniform distribution, respectively, i.e., ln |t m | ∼ N (0,σ 2 t ), ln |r m | ∼ N (0,σ 2 r ), t m ∼ U(−θ t , θ t ) and r m ∼ U(−θ r , θ r ) [12] , [21] . To obtain reproducible results, we choose the amplitude mismatch parameter of {−15 dB, −10 dB}, the phase mismatch parameter of {30 • , 60 • }. In addition, for the brevity of expression, the same parameter of quasi-static RF mismatches are considered at BS, i.e., σ 2 q σ 2 t = σ 2 r , θ q θ t = θ r . According to the level of impairments, we summarize the deviations of reciprocity error as follows:
• normal level reciprocity error without CFO compensation (NL-w/o Comp): {σ 2 ω , σ 2 q , θ q , τ 2 } = {10 −3 , −10 dB, 60 • , 0.2} In the following simulations, the average per user achievable rate for one coherence interval defined in (10) is selected as the performance metric.
First, we verify the closed-form expressions given in Proposition 1 and 2. Fig. 2 and Fig. 3 show the average per user achievable rate as a function of SNR when M = 128 with MF and ZF precoders, respectively. Simulation results denoted by markers are carried out by averaging over 1000 independent channel and reciprocity error realizations, whereas the curves are acquired by the analytical expressions given in (15) , (16), (23) and (24) . As seen from the figure, in the cases without CFO compensation, the DO setup outperforms the CO setup, and the gaps widen with increasing SNR, which confirms our analysis in Section III. In contrast, owing to the increasing CFO estimation accuracy with increasing M , the performance of CO setup surpasses that for the DO setup when CFO estimation is considered. Moreover, observed from Fig. 3 , the channel reciprocity deviations induce error celling to ZF precoder, resulting in severe VOLUME 5, 2017 performance limitation even in high-SNR regime. Numerical results verify the correctness of derived expressions due to the almost perfect match of markers and curves. Accordingly, in the subsequent discussion, we use the closed-form expressions for further investigation.
Next, we illustrate how the value of M affects the achievable rate in Fig. 4 and Fig. 5. First, Fig. 4 demonstrates the average per user achievable rate for both setups corresponding to M for the MF precoder in the normal level of reciprocity error case. The rate with perfect frequency synchronization and the error celling for the CO setup are also drawn out. From the figure, following findings can be obtained. First, without CFO compensation, due to the error celling effect, the rate gap between DO setup and CO setup becomes wider with increasing M , whereas the former outperforms the celling for the latter with M ≈ 250. Moreover, when the CFO compensation is taken into consideration, the rates for CO setup no longer suffer error celling, and achieve nearly the same rate as that with perfect frequency synchronization. The results summarized above can also be observed for the ZF precoder in Fig. 5 . As the figure shows, ZF precoder is more sensitive to the channel impairments. For example, in the NL-w Com case, the rate decreases by about 15% with MF precoder and 40% with ZF precoder when M = 500, respectively. However, a difference could be observed in the case without CFO compensation, where the error celling for two precoders is identical. It means that the MF precoder becomes competitive in large antenna regime even with a normal level of reciprocity error. This result is more general than the precoding scheme comparison in [19] with perfect frequency synchronization.
Finally, we focus on the asymptotic behavior of relative average per user achievable rate against M between ZF and MF precoders, which is illustrated in Fig. 6 with normal level of reciprocity error. The value of relative average per user achievable rate is defined as the ratio of ZF precoder to MF precoder. As can be seen, all the relative average per user achievable rates decrease with increasing M . It means that the performance gap between ZF and MF becomes closer with more antennas employed at BS. In addition to that, only the relative rate of CO setup without CFO compensation converges to 1, whereas others saturate to constants over 1 (more than 10% in figure), which will be higher with reducing level of reciprocity errors according to the analysis in Section IV. This elicits a constructive guide to decide on a appropriate precoding scheme that comply a trade-off between complexity and system performance in practice.
VI. CONCLUSION
In the presence of reciprocity error clause constituted by CFO, quasi-static RF mismatch and channel estimation error, we have analyzed the TDD-based frequency-flat massive MU-MIMO DL for MF and ZF precoders. The closed-form expressions of achievable rate have been derived for both the CO and the DO setups, and further corroborated by simulation.
Our results have demonstrated that, the DO setup is preferable for the case without CFO compensation, whereas the CO setup prevails in the opposite case owing to the growing estimation accuracy with increasing antennas at BS. The performances of different precoders were also compared in the large number of transmit antennas regime. Analytical results showed that, with high SNR and low level of reciprocity error, ZF precoder is asymptotically more desirable in the cases of DO setup without CFO compensation, or of both setups with CFO compensation, whereas MF precoder is competitive in the opposite cases, especially in the presence of severe channel impairments. The results could be used to guide the choices of oscillator setups and precoding schemes in the design of practical massive MIMO system. 
In obtaining (d), we follow similar technique in obtaining (c). Then, (15) is obtained by substituting (47)-(49) into (8).
B. DERIVATION FOR THE DO SETUP
Similarly, based on (7), we have 
Then, (16) can be obtained by combining (52)-(54).
